Abstract. Currently, Low Impact Development (LID) and Nature-Based Solutions (NBS) are widely accepted as sustainable 10 approaches for urban stormwater management. However, their complex impacts depend on the urban environmental context as well as the small-scale heterogeneity, which need to be assessed by using the fully distributed hydrological model and high resolution data at small scale. In this paper, a case study (Guyancourt), located in the South-West of Paris, was explored. Three sets of high resolution X-band radar data were applied to investigate the impact of variability of spatial distribution of rainfall.
62.4 % of total area, and the corresponding impervious surface is 37.6%.
The topography is presented as a 25 m resolution DEM, which was also obtained from the IGN. The whole catchment is relatively flat. As shown in Fig. 4 , the altitude in the North is slightly higher than that of the South. The highest altitude in the whole catchment is 175.1 m and the lowest altitude is 143.39 m in the Etang des roussiè re pond. The baseline scenario is considered as a base case in the catchment without any LID/NBS practices. The capability of drainage system was designed to resist a 10-year return period storm event.
For the porous pavement scenario (as shown in Fig. 6a) , one of the land use types, road, is divided into two categories, roadway and walkway, with a width between 1m to 7.5 m. Considering the vehicle load, busy roads were supposed not to be reasonably replaced by porous pavement. Therefore, porous pavement was hypothetically implemented on the non-driveways (width equal 165 and less than 2.5 m) and all parking lots. In the catchment, only 46 roads satisfy the condition. Finally, 14.5 % of the whole area is appropriate to be replaced by porous pavement.
For rain garden scenario (Fig. 6b) , the low elevation greenbelts around houses were implemented by rain gardens, which can collect and store up the surface runoff from surrounding impermeable areas before infiltration on site. When rain garden saturated, the redundant surface runoff will drain into the drainage system. On the basis of application condition of rain gardens 170 and the urban planning of the city of Guyancourt, 11.5 % of the whole area is set as rain gardens in the catchment.
In the catchment, most of the buildings are houses with sloped roofs. Other types of buildings with flat roofs, only constitute one third of the total building area. According to the properties of green roof, small and light green roofs consisting of a soil layer and a storage layer are implemented on all flat ones, which can be simulated bythe green roof module. All slope roofs remain unchanged. Finally, green roofs were applied to 11.5 % of the whole area (Fig. 6c) . 175
The combined scenario (see Fig. 6d ), combined the three aforementioned LID/NBS practices. Those practices occupy 37.5 % of the whole catchment. In this case, the area of pervious surface reached 4.6 km 2 , which is about 88.4 % of the whole catchment.
Methodological framework
The general hydrological response of five scenarios under three rainfall events has been assessed by Multi-Hydro model and 180 its green roof module (3×5 simulations). Two index (∆V, total runoff volume reduction; ∆Qp, peak discharge reduction) are calculated:
(1)
where Q 0 refers to peak discharge and 0 represents total runoff volume in baseline scenario, and the Q and are peak 185 discharge and total runoff volume of other scenarios with different LID/NBS.
Modelling setup
For the implementation of Multi-Hydro, the first step is to change land uses from vector to raster. During this process, the input files of the DEM and land use map were put into the input data generator -Multi-Hydro Assimtool (MH-A). Then, a unique land use class will specify the hydrological and physical properties, which is assigned to each pixel. Here, in order to 190 attribute land use to a unique class, two methods were used (See Fig. 7 ). The first one is the priority rule defined by users. For https://doi.org/10.5194/hess-2019-347 Preprint. Discussion started: 17 July 2019 c Author(s) 2019. CC BY 4.0 License. the purpose of keeping the continuity of the roads, this rule assumes that the impervious land uses have a higher priority than the pervious, which will overestimate the proportion of impervious land use. The other one is majority rule proposed by Ichiba et al., (2016) . The main idea of this rule is to use very small pixels (low to 20 cm), and to attribute the land use on the basis of the main land use type. However, it is necessary to follow the priority rule for gully so as to connect surface module and 195 drainage module. Finally, the impervious land uses with priority rule occupied 54 % of the whole catchment, which is 14 % higher than that of majority rule. The second step is to define the soil parameters. In Multi-Hydro, there are four soil layers, at most, that can be defined. In this study, three layers were adopted as the aforementioned. The last step is to input the data of the drainage system into MH-A, which contains the details of all the system components (inlet and outlet nodes, geometry, length, as well as diameter). Based on the fully distributed characters of Multi-Hydro model, users can choose a specific spatial 200 resolution. In this study, after all data were pre-treated by MH-A, Multi-Hydro was implemented to simulate the hydrological response of each scenario with a 10 m spatial resolution (the grid system will create square grids with a cell size of 10 m), and 3 min temporal resolution.
All the model parameters related to the land use type and soil type were selected from the Multi-Hydro model manual (Giangola-Murzyn et al., 2014) , as shown in Table 2 and Table 3 .Green roof is a special LID/NBS practice which needs to be 205 simulated with the Multi-Hydro green roof module. The properties of the green roof are illustrated in Table 4 .
Before LID/NBS scenario simulation, the Multi-Hydro model was validated in terms of the water level of Etang des roussiè re in three rainfall events (12/09/2015, 16/09/2015, and 05/10/2015) . The model performance is evaluated through two indicators, Nash-Sutcliffe Efficiency and relative error (RE). The Nash-Sutcliffe Efficiency (NSE (-, 1]) is an indicator generally used to verify the quality of the hydrological model simulation results, the relevant equation is described as follows: 210
where refers to simulated values, refers to observed values, and represents the total of average observed value. The Nash is closer to 1, indicating that the model is more reliable. Nash is closer to 0, indicating that the simulation result is closer to the average observed value, which means the result is credible, but the simulation error is larger. If NSE is far less than 0, it means the result is unauthentic. 215
The relative error (RE) represents the difference between observed values and simulation values, which reflects the reliability of the simulation values.
General effect of LID/NBS scenarios on sub-catchments
According to the distribution of the drainage system, the catchment can be divided into three sub-catchments：SUB1, SUB2
and SUB3 (Fig. 9 ). It is important to note that the discharge of the sub-catchment SUB1 will flow into the conduits 4541 and 250 4542, while the discharge of SUB2 will flow into conduit 4543 and the one of SUB3 into 4544. Figure 11 revels the nine hydrographs in three sub-catchments under three rainfall events. The hydrographs show that the discharge of baseline scenario is higher than that of four LID/NBS scenarios. And these discrepancies in SUB1 and SUB2 are much more obvious, which are related to the spatial distributions of the drainage system, land uses, and precipitation (i.e., with different intensities in each sub-catchment under the same rainfall event, especially the peak of rainfall). More discussions are shown in section 3.5. 255
For three rainfall events, the maximum discharge of baseline scenario in SUB2 is only 0. results demonstrate that only a small part of surface runoff entered into the drainage system of SUB2, while most runoff infiltrated into the subsurface or flowed into another sub-catchment. On one hand, the topography of SUB2 is higher in the North and lower in the South, and a large forest accounts for one third of total area of SUB2, located in the South. Therefore, 260 the surface runoff can move into the forest and infiltrate more efficiently. On the other hand, the distribution of the gullies is relatively sparse in SUB2, which limited the runoff flow into the drainage system. On the whole, the hydrographs of subcatchments present the fully distributed hydrological model Multi-Hydro can sensitively reflect the heterogeneity of the urban patterns and the spatial variability of the precipitation.
Evaluation of LID/NBS scenarios in the whole catchment 265
In order to calculate ∆Qp and ∆V of the whole catchment under four scenarios, Eq. (1) and Eq. (2) were used. As shown in Fig. 12 , for porous pavement scenario and rain garden scenario, peak discharge reduction is more evident than total runoff volume reduction in three rainfall events, where the average ∆Qp is around 6 % higher than average ∆V. The reason is that the three rainfall events have relatively long and continues rainfall, the retention capacity of porous pavement and rain garden will be reduced with the continuing rain. Furthermore, the ∆Qp of the two scenarios in the weakest event are lower than that of two 270 stronger events. In this case, porous pavement and rain garden are efficient to attenuate the peak discharge, especially for the high intensity peak of rainfall. Similarly, ∆V of the two scenarios in moderate event is the highest. For the porous pavement scenario, ∆V of the moderate event is about 5.5 % and 7.9 % higher than ∆V of the weakest event and strongest event, respectively. For the rain garden scenario, ∆V of moderate event is 7.3 % higher than that of weakest event and 11.8 % higher than that of strongest event. It is mainly because the three rainfall events have different durations and intensities. The weakest 275 event has 8.4 hours continues rainfall in total, while the moderate event has some dry periods can let porous pavement and rain garden recover its retention capacity. Especially, the first portion of moderate event lasts about 7 hours with low rainfall intensity (less than 5 mm/h). During this period, porous pavement and rain garden did not reach their limitations, and after 10 hours dry period, their retention capacity recovered. However, although the strongest event also has some dry periods, the https://doi.org/10.5194/hess-2019-347 Preprint. Discussion started: 17 July 2019 c Author(s) 2019. CC BY 4.0 License. average rainfall intensity of strongest event is twice as higher as the two other events. On the whole, it is concluded that the 280 porous pavement and rain garden have better performance with intermittent and sometimes intense rainfalls.
Compared with the first two scenarios, Green roof scenario has better performance than porous pavement scenario in terms of ∆Qp and ∆V, but slightly worse than rain garden scenario. The average ∆Qp and ∆V of green roof scenario is 23 % and 20 %, respectively. For total runoff volume reduction, green roof scenario is also more effective in moderate event and less effective in strongest event. ∆V of green roof scenario in the strongest event is less 10.1 % and 11.4 % than that of the weakest event 285 and moderate event. As shown in Fig. 10 , at the beginning of the rainfall events, green roof seems to be particularly efficient than the other LID/NBS practice, but after the first rainfall peak, more discharge will be generated in green roof scenario. The reason is related to the fact that the initial unsaturated substrate of green roof with a thickness of 0.03 m can quickly store the precipitation at the beginning of the rainfall event, then with continuous strong rainfall, the substrate of green roof will get saturated gradually, finally more water will become the runoff and flow into the drainage system. Generally, green roof has 290 better performance in short and weak rainfall event in terms of total runoff volume reduction, but more effective to attenuate the peak discharge in the rainfall event with higher intensity. Some similar results were concluded in various previous studies (Carter and Rasmussen, 2007; Hakimdavar et al., 2014) In the combined scenario, all kinds of the LID/NBS practices was implemented on the catchment. Evidently, it is the most effective configuration due to almost one third of the catchment occupied by LID/NBS practices. ∆Qp and ∆V are about 10-295 20 % higher than that of LID/NBS scenarios with single practice. The maximum ∆Qp and ∆V reached 53.7 % and 51.9 %, respectively. However, only one particular example is the moderate event, in which ∆Qp of rain garden scenario is higher than that of combined scenario. As shown in Fig. 10c , at the second rainfall peak of moderate event, it generated about 0.1 m 3 /s discharge in combine scenario more than that in rain garden scenario. The reason is that combined scenario was affected by each LID/NBS practice. If any kind of LID/NBS practice was filled up during a rainfall event, for example, green roofs or 300 porous pavements, it will reduce the ∆Qp of combined scenario. Peng et al., (2019) also reported that with higher rainfall intensity, the performance of combined LID scenarios is less effective than single practice scenario, because some practices in the combined scenario have no enough detention storage capacity.
Evaluation of LID/NBS scenarios in sub-catchments
In order to calculate the final discharge of SUB1, the sum of discharge in conduits 4541 and 4542 was taken into consideration. 305
As illustrated in Fig. 13 , the peak discharge reductions with different LID/NBS scenarios and rainfall events in three subcatchments varied between -13 % to 61 %, and total runoff volume reduction varied from 3 % to 60 %. The hydrological impact of LID/NBS scenarios is significantly different in each sub-catchment, this can be explained by each kind of LID/NBS practice has a different proportion in the sub-catchments and by the fact that the rainfall is distributed unevenly in the whole catchment (see Fig. 11 and Table 6 for more details). 310
In the three rainfall events, the order of ∆Qp of LID/NBS scenarios in SUB1 from high to low is: combined, rain garden, green roof and porous pavement (Fig. 13a, c, e) . Compared to the scenarios of green roof and porous pavement, rain garden scenario https://doi.org/10.5194/hess-2019-347 Preprint. Discussion started: 17 July 2019 c Author(s) 2019. CC BY 4.0 License.
has the highest ∆Qp, though rain garden practices only occupy 5 % in SUB1. Apparently, the ∆Qp of LID/NBS scenarios has a non-linear relationship with the area of LID/NBS practices in the sub-catchment. Because the decrease of peak discharge due to the application of single kind of LID/NBS practice is not only related to its area, but also its capacity. For example, the 315 rain garden practice has higher storage capacity than that of practice of green roof and porous pavement. When the precipitation exceeds the storage limit of LID/NBS practices, the exceed rainfall will form surface runoff. That can explain why green roof practices account for around 10 % in SUB2 but with the lowest ∆Qp. For the ∆V of LID/NBS scenarios in the weakest event, green roof scenario in SUB1 is around 30 %, which is the same as the rain garden scenario and 11 % higher than that of porous pavement. Because green roof practices account for 10.9 % in SUB1, which are 2 % and 5 % higher than practices of porous 320 pavement and rain garden respectively. In addition, the average cumulative rainfall of SUB1 is around 2 mm lower than that of the other sub-catchments.
For the SUB2, the ∆Qp of rain garden scenario in the two stronger events are around 2 % higher than that of combined scenario.
As mentioned, the performance of combined scenario was affected by each kind of LID/NBS practice. In the case, when any individual solution has negative impact, the performance of the combined scenario will weaken. In the SUB3, the ∆Qp of 325 scenario of porous pavement and combined in the moderate event are negative. According to the hydrograph (Fig. 11i) , the discharge of porous pavement scenario is 0.1 m 3 /s higher than that of baseline scenario in the strongest rainfall peak (36 mm/h), which demonstrates porous pavement practices reached their infiltration capacity at this rainfall peak. Some similar results are concluded that green roof can generate a peak discharge higher than that of the current situation in Carter and Rasmussen, (2007) . Due to this reason, porous pavement practices generate a negative influence on combined scenario as discussed 330 previously. The ∆Qp and ∆V of the SUB3 are obviously lower than that of the other two sub-catchments in the three rainfall events. This is partly because the average cumulative rainfall of SUB3 is stronger than that of the two others sub-catchment.
In addition, the proportion of the total NBS area in SUB3 is lower than that of the SUB1 and SUB2, and the drainage system is distributed intensively in SUB3. Therefore, the runoff drained into the drainage system more quickly.
To some extent, the implementation of LID/NBS practices can lead to a significant reduction of the stormwater quantity 335 reaching the drainage system and decrease the risks of flood in the catchment. Firstly, the performance of those scenarios is strongly related to rainfall characteristics and distributions, the substrate of LID/NBS practices are more easily saturated under the rainfall with high intensity and long period. Secondly, their performance also depends on the properties and spatial distribution of the LID/NBS practices. Compared with the other two scenarios with single practice in each rainfall event, rain garden scenario is the most efficient one to reduce total runoff volume and peak discharge, followed by green roof, and porous 340 pavement. The reason may lie in the fact that rain garden is the low elevation greenbelt and simulated with maximum depth 0.3 m, which reflects its storage capacity is better than that of other LID/NBS practices. Dussaillant et al., (2004) tested the depression depth of rain garden with 10, 15 and 45 cm, which demonstrated that increasing the storage depth will decrease the total saturation time. Qin et al., (2013) also indicated that increasing storage capacity of LIDs can improve the performance of the system effectively. In this study, the ∆Qp of all LID/NBS scenarios are relatively more effective in strongest event. In 345 addition, the ∆V of LID/NBS practices are highest in the moderate event. It is related to the characteristics of the rainfall events. 
